ACCURATE transmission of genetic material to daughter cells during cell division requires two precise duplication events: DNA replication and centrosome duplication. In addition, the cell must increase the number of organelles and protein complexes such as ribosomes and nuclear pore complexes (NPCs) so that the daughter cells have material to continue cell growth, metabolism, transcription, translation, and other vital cellular processes. While much is known about the mechanism and regulation of DNA replication, less is known about how cells duplicate protein-based structures such as the centrosome once per cell cycle.

The spindle-pole body (SPB) is the *Saccharomyces cerevisiae* centrosome-equivalent organelle and is perhaps one of the best-characterized microtubule organizing centers ([@bib38]; [@bib44]). Cytologic studies of the SPB showed that it is embedded in the nuclear envelope (NE) throughout the yeast life cycle, where it nucleates cytoplasmic microtubules that are important for nuclear positioning and mating and spindle microtubules that are essential for chromosome segregation during mitosis and meiosis ([@bib86]). Conventional electron microscopy (EM) and electron tomography revealed that the SPB is a multilayered structure that is attached to the NE via hooklike appendages ([@bib14], [@bib15]; [@bib61]). One side of the SPB is associated with an electron-dense region of the NE known as the *half-bridge*, which plays a key role in the control of SPB duplication and is likely involved in insertion of the SPB into the NE.

SPB duplication begins as cells exit mitosis by elongation of the half-bridge and deposition of the satellite (the SPB precursor) at its distal cytoplasmic tip ([@bib15]; [@bib1]). During G~1~, the satellite matures into a structure known as the *duplication plaque*, and the extended bridge fuses at its tip, retracts, and bends underneath the duplication plaque. Finally, the duplication plaque is inserted into the NE, at which time nuclear SPB components can assemble to result in duplicated side-by-side SPBs.

A combination of molecular, biochemical, and genetic approaches led to the identification of 18 core components of the SPB, and all have been assigned a position within the SPB structure based on immuno-EM localization and physical interaction studies ([@bib38]; [@bib44]). Of the 18 core components, all but one or two (*[CNM67](http://www.yeastgenome.org/locus/S000005169/overview)* and, in some strains, *[SPC72](http://www.yeastgenome.org/locus/S000000045/overview)*) are essential for growth. Analysis of conditional hypomorphic mutations or degron alleles has suggested an order and a function for each gene product in SPB duplication, microtubule nucleation, or other functions such as exit from mitosis. Most mutations in components of the half-bridge, such as the membrane proteins [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) and [Kar1](http://www.yeastgenome.org/locus/S000005132/overview) and the soluble filamentous [Sfi1](http://www.yeastgenome.org/locus/S000003926/overview) protein and its binding partner [Cdc31](http://www.yeastgenome.org/locus/S000005783/overview) ([centrin](http://www.yeastgenome.org/locus/S000005783/overview)), have defects in the early steps of SPB duplication ([@bib7]; [@bib81], [@bib82]; [@bib72], [@bib73]; [@bib9]; [@bib39]; [@bib43]), while most mutations in membrane pore components ([Mps2](http://www.yeastgenome.org/locus/S000003043/overview) and [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview)) and their binding partners ([Bbp1](http://www.yeastgenome.org/locus/S000006176/overview) and [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview), respectively) arrest at the late step of SPB duplication, with a mature duplication plaque that is unable to insert into the NE ([@bib88]; [@bib18]; [@bib59]; [@bib68]; [@bib5]). Recent super-resolution imaging of duplicating SPBs suggests that membrane insertion may be coupled with SPB assembly in wild-type cells ([@bib13]). The localization of [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) and/or [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview) to the new SPB appears to be involved in the final step of SPB duplication, consistent with genetic analyses ([@bib88]; [@bib18]; [@bib59]; [@bib68]; [@bib5]).

In yeast as in other eukaryotes, NPCs are present at multiple locations in the NE to facilitate movement of macromolecules into and out of the nucleus. Like SPBs, NPCs are composed of a relatively small number of molecules that are present in multiple copies ([@bib77]; [@bib2]). NPC assembly in postmitotic cells or in organisms such as yeast that undergo a closed mitosis, in which the nuclear membrane does not break down, occurs by a *de novo* pathway in which NPCs are inserted into an intact NE ([@bib35]). Cytologic, genetic, and molecular studies have linked the mechanism of *de novo* NPC assembly with that of SPB membrane insertion. Membrane-associated proteins that bind, bend, or stabilize curved membranes, including reticulons and ALPS (for ArfGAP1 lipid packing sensor) domain--containing proteins, are involved in SPB duplication and NPC assembly ([@bib23]; [@bib24]; [@bib25]; [@bib47]; [@bib16]; [@bib45]). In addition, *[NDC1](http://www.yeastgenome.org/locus/S000004493/overview)* encodes a conserved integral membrane protein that localizes to both SPBs and NPCs, and analysis of yeast cells lacking [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) function shows defects in NE insertion of both complexes ([@bib18]; [@bib84]; [@bib49]; [@bib54]; [@bib62]). The observation that mutation or deletion of genes encoding membrane and membrane-associated components of the SPB can be suppressed by elimination of [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) binding partners at the NPC such as [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) or [Pom34](http://www.yeastgenome.org/locus/S000004008/overview) has led to the idea that the SPB and NPC may compete for [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) or other NE insertion factors ([@bib18]; [@bib69]; [@bib89]; [@bib16]). Consistent with this idea, we recently demonstrated that the distribution of [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) between the NPC and SPB was altered by deletion of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* ([@bib17]). However, other suppression mechanisms may exist, including a translational control pathway that is activated following *[POM34](http://www.yeastgenome.org/locus/S000004008/overview)* deletion and/or alteration in the properties of the NE that may facilitate insertion of large complexes such as the SPB ([@bib69]; [@bib89]; [@bib29]).

Here we characterized cells lacking *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* and *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* to determine whether elimination of the nucleoporin [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) is able to suppress all known functions of [Mps3](http://www.yeastgenome.org/locus/S000003556/overview), including its essential role in SPB duplication in mitosis and meiosis and its nonessential functions in chromosome organization within the nucleus. We then used genome-wide screening to identify other bypass suppressors of *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* as well as other deletions in membrane (*[mps2](http://www.yeastgenome.org/locus/S000003043/overview)∆* and *[nbp1](http://www.yeastgenome.org/locus/S000004449/overview)∆*) and half-bridge (*[cdc31](http://www.yeastgenome.org/locus/S000005783/overview)∆*, *[kar1](http://www.yeastgenome.org/locus/S000005132/overview)∆*, and *[sfi1](http://www.yeastgenome.org/locus/S000003926/overview)∆*) components of the SPB to better understand interactions between the SPB and NPC and to discover new factors that regulate SPB duplication and NE insertion. Further characterization of one bypass suppressor, *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆*, suggests that post-transcriptional control of [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) affects SPB duplication in a manner that is distinct from its role in the NPC.

Materials and Methods {#s1}
=====================

Yeast methods {#s2}
-------------

Standard techniques were used for DNA and yeast manipulations. All strains are listed in Supporting Information, [Table S4](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/TableS4.pdf). With the exception of strains used for chromosome loss and for the suppressor screen, strains are derivatives of W303. The yeast deletion collection was purchased from Open Biosystems in 2004. Deletion and tagging of genes were done using PCR-based methods and verified by PCR ([@bib53]; [@bib71]).

pRS425-derived plasmids (2µ-*[LEU2](http://www.yeastgenome.org/locus/S000000523/overview)*) containing *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* (pSJ998) or *[POM34](http://www.yeastgenome.org/locus/S000004008/overview)* (pSJ1652) were created by PCR amplification of the ORF plus ∼500 bp of upstream sequence and ∼200 bp of downstream sequence from genomic DNA derived from W303. The ORF of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* also was amplified and cloned together with the *[GAL1](http://www.yeastgenome.org/locus/S000000224/overview)/10* promoter into pRS305 to create pRS305-*[GAL1](http://www.yeastgenome.org/locus/S000000224/overview)-[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* (pSJ1655).

SPB suppressor screen {#s3}
---------------------

The SPB suppressor screen was done using a modified version of the protocol for synthetic genetic analysis described by [@bib80]. A centromeric *[URA3](http://www.yeastgenome.org/locus/S000000747/overview)*-marked plasmid containing a SPB gene and its flanking sequence was transformed into the SGA query strain, and then the genomic copy of the SPB gene was deleted with a *NATMX* cassette using PCR, creating *MAT*α *spb∆*::*NATMX [can1](http://www.yeastgenome.org/locus/S000000789/overview)∆*::*[STE2](http://www.yeastgenome.org/locus/S000001868/overview)pr-HIS3MX [lyp1](http://www.yeastgenome.org/locus/S000005212/overview)∆ [ura3](http://www.yeastgenome.org/locus/S000000747/overview)[his3](http://www.yeastgenome.org/locus/S000005728/overview) YFG1 p[URA3](http://www.yeastgenome.org/locus/S000000747/overview)-SPB*. Each was mated to the deletion collection (*MAT***a** *yfg∆*::*KANMX [LYP1](http://www.yeastgenome.org/locus/S000005212/overview)[CAN1](http://www.yeastgenome.org/locus/S000000789/overview)[his3](http://www.yeastgenome.org/locus/S000005728/overview)[ura3](http://www.yeastgenome.org/locus/S000000747/overview) SPB*) using the Singer RoToR, and diploids were selected on YPD + G418 + clonNAT. Cells were pinned to 5-fluoro-orotic acid (5-FOA) twice to select for loss of the covering plasmid, *pURA3-SPB*. Diploids were sporulated for 3--4 weeks, and then haploids were selected twice on SD-His-Lys-Arg + thialysine + canavanine before pinning to SD/MSG-His-Lys-Arg + thialysine + canavanine + G418 + clonNAT. All plates were incubated at 23°. Each screen was done in triplicate, and genes that rescued growth in at least two of the three screens are shown in [Figure 2C](#fig2){ref-type="fig"}, [Table S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/TableS1.pdf), and [Table S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/TableS2.pdf).

Suppressors of *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* were further verified by complementation of the suppression phenotype using clones from the 2µ tiling library, if available ([@bib41]). In addition, deletions were recreated in the W303 strain background using PCR-based methods. Only *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆*, *[pom34](http://www.yeastgenome.org/locus/S000004008/overview)∆*, and *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* suppressed *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* in both BY and W303 strains.

Chromosome *13* {#s4}
---------------

Deletions in a small region of chromosome *13* were identified in all but one of our screens ([Table S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/TableS2.pdf)). Many have been previously isolated in suppressor screens for other essential genes using synthetic genetic array (SGA) methodology ([@bib22]). We performed array-based comparative genomic hybridization using eight deletion strains from this region in our copy of the *MAT***a** deletion collection and the isogenic wild-type strain BY4741 to determine whether the deletion strains carried a linked mutation that was responsible for the suppression phenotype. Six of eight strains (*[UFO1](http://www.yeastgenome.org/locus/S000004553/overview)*, *[AIM33](http://www.yeastgenome.org/locus/S000004552/overview)*, *[ALO1](http://www.yeastgenome.org/locus/S000004551/overview)*, *[YML083C](http://www.yeastgenome.org/locus/S000004548/overview)*, *[YML082W](http://www.yeastgenome.org/locus/S000004547/overview)*, and *[DUS1](http://www.yeastgenome.org/locus/S000004545/overview)*) contained the correct deletion; in the remaining two, one had the adjacent gene removed (*[GAL80](http://www.yeastgenome.org/locus/S000004515/overview)* instead had a deletion of *[YML082W](http://www.yeastgenome.org/locus/S000004547/overview)*), and the other (*[RPS1B](http://www.yeastgenome.org/locus/S000004528/overview)*) contained no detectable deletion. All eight strains also have a deficiency in *[YML050W](http://www.yeastgenome.org/locus/S000004514/overview)*/*[AIM32](http://www.yeastgenome.org/locus/S000004514/overview)*, a gene of unknown function. Although present in the deletion collection, this ORF was never recovered as a hit. Direct knockout of genes in this region individually or with *[AIM32](http://www.yeastgenome.org/locus/S000004514/overview)* did not bypass any SPB deletions. We suspect that deletion of one of these genes allows cells to escape a growth condition used in high-throughput screening, and thus diploids or one of the individual knockouts lives.

Chromosome assays {#s5}
-----------------

The position of GFP telomere spots was determined as described previously ([@bib34]). Briefly, a Zeiss Axio Imager with a 100× Zeiss alpha Plan-Fluar objective (NA = 1.45) and a Hamamatsu ORCA-ER digital camera were used to capture 19-image stacks of 170-nm step size through nuclei of log-phase cells at room temperature. The spot-to-periphery distance and the nuclear diameter were determined in a single-Z-stack image where the spot was most concentrated using Axiovision 4.6.3 (Zeiss), except in cases where the spot fell into one of the top or bottom three focal planes. By dividing the spot-to-periphery distance by the diameter, each spot fell into one of three zones of equal surface ([Figure 1A](#fig1){ref-type="fig"}). Zone 1 has a width of 0.184 × the nuclear radius *r*, zone 2 has a width of 0.184 × *r* to 0.422 × *r*, and zone 3 has a width of 0.422 × *r*. Confidence values (*P*-values) for the χ^2^ test were calculated for each data set between random and test distributions.

![Deletion of *POM152* only bypasses the requirement for Mps3 at the SPB. (A) Schematic of chromosome *6* with ∼256 copies of the LacO~R~ and four lexA^op^ binding sites integrated at ARS609, near a truncated version of telomere VI-R that contains the *ADE2* reporter linked to copies of the TG~1--3~ telomeric repeats ([@bib34]). Expression of GFP-LacI and Nup49-GFP (a nucleoporin) in these cells allows the subnuclear position of the telomere to be scored with respect to the distance from the NE in a single-plane image and assigned a position in one of three zones of equal volume. (B) Single-plane images showing the localization of truncated telomere VI-R in wild-type (SLJ2602), *mps3∆75*--*150* (SLJ3081), *pom152∆* (SLJ4333), and *mps3∆ pom152∆* (SLJ4330) cells. Note that in some cases the telomeric focus may be above or below the focal plane shown. The position of telomeres was scored in three dimensions. Bar, 5 µm. (C) Using bud morphology as a marker for cell cycle position, the location of telomeres in S-phase cells was determined. Zone 1, black bars; zone 2, white bars; and zone 3, gray bars. The red horizontal bar at 33% corresponds to a random distribution. Confidence intervals (*P*-values) for the χ^2^ test were calculated for each data set between random and test distributions. The number of cells examined in each data set is indicated (*n*). (D) Expression of the telomeric *ADE2* gene in strains from B was assayed by streaking cells to SD plates containing 10 μg/ml adenine. Following growth for 3 days at 30°, plates were incubated for 1 week at 4° to allow the red pigment to develop. Expression of *ADE2* results in white-colored cells and blocks the accumulation of the red pigment in this strain background; this occurs in cells that have lost telomeric silencing. (E) Sister-chromatid cohesion was tested by arresting cells containing GFP-LacI and an ∼256-bp LacO~R~ array on the arm of chromosome *4* in mitosis using nocodazole. Under these conditions, a single GFP focus is indicative of cohesion, while the appearance of two foci indicates that cohesion has been lost. The cell outline is based on the DIC image. Bar, 5 µm. (F) Maximum-intensity projections of wild-type (SLJ1982), *mps3∆75*--*150* (SLJ3131), *pom152∆* (SLJ4328), and *mps3∆ pom152∆* (SLJ4325) cells. Bar, 5 µm. (G) The percentage of large-budded cells from F that contained two distinct GFP foci was determined in two independent experiments using three biological replicates. Average values from the six samples are shown; error bars show the 95% confidence interval based on the binomial test, and error bars show the SD from the mean. \*\**P* \< 0.0001. Statistical analysis of individual isolates using the *t*-test also showed significance between samples at *P* = 0.02 or greater. (H) Loss of an artificial chromosome *3* fragment containing *SUP11* was assayed in wild-type (SLJ2156), *pom152∆* (SLJ4547), and *mps3∆ pom152∆* (SLJ4548) cells. The average loss rate from three independent experiments is shown along with the SEM. \*\**P* \< 0.0001. (I) Diploid strains of the indicated genotypes were grown overnight at 23° in YPA before being transferred to sporulation medium for 5 days at 23°. Meiotic progression was analyzed based on DAPI staining and DIC images. The percentage of unsporulated cells and sporulated cells that formed dyads (two DNA masses in two spores per ascus) or tetrads (four DNA masses in four spores per ascus) was determined (*n* = 200) in three independent experiments (error bars, SEM; \**P* \< 0.01; \*\**P* \< 0.0001).](1479fig1){#fig1}

Sister-chromatid cohesion was assayed in logarithmically growing cells that were arrested with 10 µg/ml nocodazole for 3 hr. Cells were briefly fixed with 4% paraformaldehyde and stained with DAPI before cell counting. In addition, aliquots of cells were removed for flow cytometric analysis of DNA content to verify the mitotic arrest. Chromosome loss assays and flow cytometric analysis of DNA content were performed as described previously ([@bib74]; [@bib39]). Fractional statistics were analyzed via the binomial distribution ([@bib8]). In [Figure 1E](#fig1){ref-type="fig"}, variation between colony replicates was somewhat larger than allowed by the binomial distribution. In such cases, *P*-values also were generated via *t*-tests between three colony replicates of each sample: *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆75--150* and *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆ [mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* had *P*-values below 0.001, while *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* had a *P*-value below 0.02, all indicating statistical significance.

Quantitative imaging {#s6}
--------------------

Live-cell imaging data were acquired on a PerkinElmer Ultraview Confocal Microscope with a Yokagawa CSU-X1 Spinning Disk on an inverted Zeiss 200 base. Emission was collected onto a C9100-13 Hamamatsu EM-CCD using Velocity software (PerkinElmer). An α Plan-Apochromat 100× 1.46-NA oil-immersion objective was used. GFP and mCherry images were acquired with 488- and 561-nm excitation, respectively, using a 405/488/561/640 dichroic. Emission filters were a 415- to 475-nm/580- to 650-nm dual-band filter for mCherry and a 500- to 550-nm filter for GFP. mTurquoise2 and yellow fluorescent protein (YFP) were excited with 440 and 514 nm, respectively, via a 405/440/514/640 dichroic. Emission filters were a 456- to 484-nm filter for mTurqouise2 and a 525- to 575-nm filter for YFP. All spinning-disk data were acquired in alternating excitation mode. For Z-stacks, a slice size of 400 nm was used.

Acceptor-photobleaching fluorescence resonance energy transfer (FRET) {#s7}
---------------------------------------------------------------------

Using the PhotoKinesis accessory on the PerkinElmer Ultraview Spinning Disk Confocal Microscope, cells expressing mTurquoise2 (donor) and YFP (acceptor) were imaged at maximum speed for a total of 10 frames. YFP at the SPB was bleached following frame 5 using 15 iterations with 100% of the 514-nm line. YFP fluorescence was checked following acquisition to ensure complete bleaching. Controls indicated no significant crosstalk of YFP fluorescence into the mTurquoise2 channel. Analysis was performed using ImageJ software: the center of the SPB was determined via a two-dimensional (2D) Gaussian fit, and the total intensity over time was calculated for of a 9 × 9 square centered at the initial position of the SPB. The background-subtracted values for the pre- and postbleach time series then were each fit to a linear regression, and the value of each at time point 5.5 was interpolated. FRET was then calculated from the donor intensity as 100 × (postbleach − prebleach)/postbleach. To eliminate artifacts owing to SPB movement, the 2D Gaussian fit was calculated over time, and SPBs were removed from analysis if, in either pre- or postbleach time series, SPB centers moved more than 1 pixel in *x* or *y* or the SD of the Gaussian fit changed more than 0.5 pixel.

RNA-Seq analysis {#s8}
----------------

Starting with total RNA from three replicates of wild-type and *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells, polyA RNA was isolated and prepared for sequencing using a TruSeq RNA Sample Prep Kit (Illumina). Indexed samples were pooled and sequenced in a single-flow cell on an Illumina HiSeq. Five of six samples generated 10--11 million reads each, and one wild-type sample generated 5.6 million reads. Using TopHat 2.0.10, reads were aligned to the saCer3 genome from UCSC with gene annotations from Ensembl 72., and counts were normalized using edgeR. Differentially expressed genes listed in [Table S3](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/TableS3.pdf) showed a twofold increase (27) or decrease (91) in the mutant *vs.* wild-type cells \[*P* \< 0.05 and average log~2~(normalized counts) \> 0\]. SPB, NPC, and membrane encoding genes depicted in [Figure 3E](#fig3){ref-type="fig"} were identified based on annotations in the Saccharomyces Genome Database (SGD).

Western blotting {#s9}
----------------

Whole-cell extracts were prepared by bead beating into SDS sample buffer. The following primary antibody dilutions were used: 1:1000 anti-GFP (Cell Signaling Technology) and 1:5000 anti-Pgk1 (Life Technologies). Alkaline phosphatase--conjugated secondary antibodies were used at 1:10000 (Promega), and fluorescently labeled secondaries were used at 1:5000 (LiCor).

Data availability {#s10}
-----------------

Original data underlying this manuscript can be downloaded from the Stowers Original Data Repository at <http://www.stowers.org/pubs/LIBPB-1004>.

Results {#s11}
=======

Characterization of cells lacking *MPS3* {#s12}
----------------------------------------

The [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) C-terminus, which includes the conserved SUN domain, is essential for SPB duplication ([@bib60]; [@bib39], [@bib40]). Previously, we showed that the growth defect of C-terminal *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* mutants could be rescued if *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* was eliminated from the genome. In addition, the lethality associated with deletion of *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* is suppressed by removal of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)*, suggesting that the essential SPB function of [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) is bypassed ([@bib89]; [@bib29]). At least two models could explain this suppression: first, *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* might act as a "dosage suppressor" by freeing factors from the NPC that are involved in both NPC and SPB assembly, and second, reduced NPC assembly in *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* may indirectly result in NE changes that allow SPB duplication in the absence of *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* ([@bib37]).

To better understand the mechanism of *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆*-based suppression, we analyzed the nonessential functions of [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) in *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆ [mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* cells. Although the [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) N-terminus is not required for mitotic growth, cells lacking amino acids 75--150 (*[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆75--150*) display defects in chromosome organization, including loss of telomere tethering and silencing and defects in sister-chromatid cohesion following DNA replication ([@bib4]; [@bib12]; [@bib67]; [@bib31]). A different region of the [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) N-terminus (amino acids 2--64) is required for meiotic chromosome reorganization and movement ([@bib20]). We hypothesized that if *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* suppresses the requirement for [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) by liberating a SPB insertion factor, it would likely suppress only the SPB function of [Mps3](http://www.yeastgenome.org/locus/S000003556/overview), and *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆ [mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* cells would be defective in other Mps3-dependent processes, similar to *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆75--150* or *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆2--64* mutants. However, if suppression arises as a consequence of altered NE properties, then deletion of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* may reduce or eliminate the need for [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) in its other functions, such as chromosome positioning during S phase, sister-chromatid cohesion, or meiotic progression.

In yeast, the location of a particular chromosome within the nucleus and its association with its sister chromatid following DNA replication are commonly assayed using arrays of the lactose-operator DNA binding site (LacO~R~) and a GFP fusion to the DNA binding region of the *lac* repressor (GFP-LacI) ([Figure 1, A and E](#fig1){ref-type="fig"}). If the array is inserted into a telomeric region of the genome in a strain containing a NE marker, the distance between the chromosomal focus of GFP-LacI and the NE, as well as the nuclear diameter, can be measured, and each spot is assigned into one of three concentric zones of equal volume that approximates the position of the telomere within the nucleus ([Figure 1A](#fig1){ref-type="fig"}) ([@bib34]). If the array is integrated into a chromosomal region near the centromere, it can be used to assay cohesion between sister chromatids---the linkage between sisters resists chromosome separation (and that of the arrays) until the onset of anaphase, so a single focus is observed in metaphase-arrested cells if cohesion is maintained ([Figure 1E](#fig1){ref-type="fig"}) ([@bib76]). Both assays have been used previously to show that the [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) N-terminus is required for telomere tethering and sister-chromatid cohesion ([@bib12]; [@bib67]; [@bib31]).

Here we show that deletion of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* was unable to suppress the requirement for [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) function in either process. In wild-type cells, 67% of telomeric foci in S phase (scored based on bud morphology) were located in the outer zone of the nucleus, which is considered to be in contact with the NE ([Figure 1, B and C](#fig1){ref-type="fig"}) ([@bib34]). Cells lacking *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* had a small but statistically significant decrease in telomere tethering (43% foci in zone 1), consistent with previous findings that NPC components affect the peripheral recruitment of chromosome ends ([@bib30]; [@bib79]; [@bib83]). However, if *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* also was deleted, chromosomes assumed a random distribution ([Figure 1, B and C](#fig1){ref-type="fig"}). This loss of tethering in cells lacking *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* correlated with a loss of telomeric silencing, which was assayed using an *[ADE2](http://www.yeastgenome.org/locus/S000005654/overview)* marker located at a truncated version of telomere VI-R. In wild-type cells, where telomeres were tethered, stochastic expression of *[ADE2](http://www.yeastgenome.org/locus/S000005654/overview)* led to the formation of red and white colonies after growth on plates containing limiting amounts of adenine ([Figure 1D](#fig1){ref-type="fig"}). A similar expression pattern was observed in *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* cells, but *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆ [mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* cells appeared light pink to white in color, similar to *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆75--150* mutants, as a result of increased expression of *[ADE2](http://www.yeastgenome.org/locus/S000005654/overview)* at the truncated telomere ([Figure 1D](#fig1){ref-type="fig"}) ([@bib12]). In the cohesion assay, 79% of wild-type and 74% of *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* cells maintained cohesion in a metaphase arrest ([Figure 1, F and G](#fig1){ref-type="fig"}). Only 63% *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* cells established cohesion ([Figure 1, F and G](#fig1){ref-type="fig"}), which is similar to the amount of cohesion observed in *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆75--150* mutants (64%) ([@bib31]). These data demonstrate that deletion of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* does not suppress the requirement for *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* in sister-chromatid cohesion, telomere tethering, or silencing during mitotic growth.

To determine whether *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* suppresses the need for [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) in meiosis, we constructed a series of heterozygous and homozygous diploids containing *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* or *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* and *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* or *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆*. In the construction of these strains, we noticed that it was difficult to obtain diploids if both parental cells were of the *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆ [mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* genotype. This defect was suppressed by the addition of a covering plasmid containing *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* but not *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* in one or both of the haploid parents. The covering plasmid could be lost in the diploid, indicating that *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆*/*[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆ [mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆*/*[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* diploids are viable, although they do show an increased rate of chromosome loss and a slight growth defect ([Figure 1H](#fig1){ref-type="fig"}; data not shown). These data support the recent finding from [@bib64] that [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) is required for karyogamy (nuclear fusion following mating) and that elimination of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* cannot bypass this requirement. Sporulation of diploids showed that *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* deletion does not rescue [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) function during meiosis. Cells lacking both copies of *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* were unable to form tetrads after 5 days in sporulation medium ([Figure 1I](#fig1){ref-type="fig"}). The sporulation frequency between wild-type (35 ± 2%) and *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* homo- and heterozygotes (ranging from 23--30%) ( [Figure 1I](#fig1){ref-type="fig"}) was only moderately decreased, indicating that deleting *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* had a minor effect on meiosis, sporulation, and/or germination. However, if *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* is deleted, virtually no meiotic products are formed, including dyads or tetrads, pointing to an arrest early in the meiotic program ([Figure 1I](#fig1){ref-type="fig"}). Thus, although *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* suppresses the essential function of [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) during mitosis, it is unable to bypass the need for [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) during meiosis and sporulation. Collectively, these data lend support to the idea that deletion of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* specifically affects the SPB function of *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* during mitotic growth.

A genome-wide screen for suppressors of *mps3∆* {#s13}
-----------------------------------------------

To better understand how the requirement for [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) at the SPB can be bypassed, we conducted a genome-wide screen for other deletions that can suppress the lethality of *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆*. Because the deletion collection of nonessential yeast genes was made in the BY strain background, we constructed a query strain containing *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* covered by *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* on a *[URA3](http://www.yeastgenome.org/locus/S000000747/overview)*-marked centromeric plasmid in this background for use in high-throughput studies ([Figure 2, A and B](#fig2){ref-type="fig"}). Following mating and diploid selection, the *pCEN-[URA3](http://www.yeastgenome.org/locus/S000000747/overview)-[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* covering plasmid was removed by two rounds of growth on 5-FOA, and then diploids were sporulated and haploids selected using markers engineered into the strain (see *Materials and Methods*). Because *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* is essential for growth, only deletions that bypass the requirement for [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) function should be viable on plates that select for both *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* and the gene knockout. Of the ∼4900 deletion mutants in the collection, only 35 genes reproducibly (in three iterations of the screen) rescued *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* cells ([Table S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/TableS1.pdf), [Table S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/TableS2.pdf), and [Figure 2C](#fig2){ref-type="fig"}). Thirteen deletions were along a region of chromosome *13* that contains an unknown suppressor of other essential genes ([@bib22]), so these hits were not considered further (see [Table S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/TableS2.pdf) and *Materials and Methods* for a discussion of these genes).

![Suppressors of SPB deletions. (A) Schematic of the *mps3∆* strain (SLJ1888) used for our suppressor screen. Genes encoding the lysine permease *LYP1* and the arginine permease *CAN1* were deleted in the query strain. This strain also contained *S. pombe his5+* (*HIS3MX*) expressed from the *MAT***a**-specific *STE2* promoter. After addition of a *URA3*-based covering plasmid containing a wild-type copy of *MPS3*, the genomic copy of *MPS3* was deleted using the *NATMX* marker. (B) Outline of screening strategy used for identification of suppressors. Query strains were mated to the *MAT***a** version of the yeast deletion collection, and diploids were selected on YPD + G418 + clonNAT. The *URA3*-marked plasmid was removed from the diploids by two rounds of growth on 5-FOA; then the diploids were sporulated. Haploids were selected by growth on SD-His-Lys-Arg + thialysine + canavanine; then cells containing both deletions were selected by addition of G418 + clonNAT. Because SPB genes are essential, most double-mutant combinations are lethal, so suppressors were easily identified by visual inspection of the plates. Potential hits were further verified by random sporulation, complementation, and, in the case of *mps3∆*, reconstruction of the deletions in W303. (C) Deletions that suppressed growth of the indicated SPB gene in at least two or three independent screens are listed in groups based on their proposed function and localization, as reported in the Saccharomyces Genome Database (with the exception of deletions in a small region of chromosome *13*, which are listed in [Table S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/TableS2.pdf); see *Materials and Methods* for a discussion of these hits). Dubious ORFs are in parentheses. An asterisk indicates that the gene was identified as a suppressor of more than one SPB deletion mutant. (D) Tenfold serial dilution of cells on SC-Ura or 5-FOA at 23 or 37° shows that *pom152∆*, *pom34∆*, and *sec66∆* suppress *mps3∆* lethality in W303. Flow cytometric analysis of DNA content of cells grown at 30° shows the ploidy of cells lacking a covering plasmid. Haploid, 1N and 2N peaks; diploid, 2N and 4N peaks. Some isolates of *sec66∆* show temperature-sensitive growth phenotypes, as reported previously, and have a fraction of cells with increased ploidy. (E) W303-derived cells containing *pURA3-MPS2* and the indicated deletions were grown in YPD, serially diluted 10-fold, spotted onto SC-Ura or 5-FOA, and incubated for 3 days at 23°.](1479fig2){#fig2}

To ensure that suppression in the remaining cases did not occur through a secondary mutation that cosegregated with *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* or the deletion mutant, knockouts were made *de novo* in W303, a strain background commonly used in studies of SPB duplication. Of the remaining 22 deletions, only three hits, *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)*∆, *[pom34](http://www.yeastgenome.org/locus/S000004008/overview)∆*, and *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆*, suppressed growth of *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* mutants in W303 ([Figure 2D](#fig2){ref-type="fig"}). A single gene was not responsible for the strain-specific differences between W303 and BY that we observed for the other deletions because multiple outcrosses were required to convert a BY-like phenotype to a W303-like phenotype or vice versa (data not shown).

The robust suppression by *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* in the genome-wide screen was consistent with our previous work showing that its elimination resulted in loss of [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) from the NPC and increased [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) binding at the SPB ([@bib17]). *[NDC1](http://www.yeastgenome.org/locus/S000004493/overview)* overexpression and/or *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* can suppress a number of conditional alleles in genes encoding SPB components ([@bib18]; [@bib5]; [@bib40]; [@bib3]; [@bib69]; [@bib89]), but elimination of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* was only able to bypass deletions of *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* or *[MPS2](http://www.yeastgenome.org/locus/S000003043/overview)* and not other membrane or half-bridge components of the SPB ([Figure 2C](#fig2){ref-type="fig"}; data not shown). Our observation that *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* is unable to suppress the growth of *[mps2](http://www.yeastgenome.org/locus/S000003043/overview)∆ [mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* double mutants suggests that [Mps2](http://www.yeastgenome.org/locus/S000003043/overview) is required for *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆*-dependent bypass of *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* and that [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) is required for *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆*-dependent bypass of *[mps2](http://www.yeastgenome.org/locus/S000003043/overview)∆* ([Figure 2E](#fig2){ref-type="fig"}).

*sec66*∆ suppresses *mps3*∆ and *mps2*∆ {#s14}
---------------------------------------

*[SEC66](http://www.yeastgenome.org/locus/S000000375/overview)*/*[SEC71](http://www.yeastgenome.org/locus/S000000375/overview)*/*[KAR7](http://www.yeastgenome.org/locus/S000000375/overview)* encodes an integral membrane component of the [Sec63](http://www.yeastgenome.org/locus/S000005780/overview) complex ([@bib28]; [@bib48]; [@bib10]). Together with the [Sec61](http://www.yeastgenome.org/locus/S000004370/overview) translocon, the [Sec63](http://www.yeastgenome.org/locus/S000005780/overview) complex is important for post-translational translocation of proteins into the ER ([Figure 3A](#fig3){ref-type="fig"}) ([@bib63]; [@bib6]; [@bib55]). Previous studies showed that *[SEC66](http://www.yeastgenome.org/locus/S000000375/overview)* is nonessential for growth at 25 and 30°, but *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells show reduced growth at 37° ([@bib28]; [@bib48]; [@bib27]). We found this temperature sensitivity to be largely dependent on strain background ([Figure 2D](#fig2){ref-type="fig"}, [Figure 3, B and C](#fig3){ref-type="fig"}, and [Figure S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/FigureS1.pdf)). Genetic or physical interactions between [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) and SPB components have not been reported, and [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) does not localize to the SPB ([Figure 3E](#fig3){ref-type="fig"}). *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* was not identified as a suppressor of other SPB deletion mutants in our genome-wide screens ([Figure 2C](#fig2){ref-type="fig"}); however, direct testing in the W303 strain background showed that *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* bypassed the requirement for *[mps2](http://www.yeastgenome.org/locus/S000003043/overview)∆* at 23° in addition to *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* at all temperatures, but it had no effect on growth of other SPB deletions ([Figure 3, B and C](#fig3){ref-type="fig"}, and [Figure S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/FigureS1.pdf)). Unlike *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* or *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [pom34](http://www.yeastgenome.org/locus/S000004008/overview)∆* cells that remained haploid, *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* mutants showed a partial increase in ploidy, and *[mps2](http://www.yeastgenome.org/locus/S000003043/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* mutants completely diploidized ([Figure 2D](#fig2){ref-type="fig"}; data not shown). This suggests that [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) and [Mps2](http://www.yeastgenome.org/locus/S000003043/overview) have functions that are not or are incompletely bypassed by deletion of *[SEC66](http://www.yeastgenome.org/locus/S000000375/overview)*. Alternatively, given that *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* alone shows a small 4N peak ([Figure 2D](#fig2){ref-type="fig"}), this change in chromosome content may be associated with a mitotic defect in the deletion in *[SEC66](http://www.yeastgenome.org/locus/S000000375/overview)*. Our observation that deletion of *[SEC66](http://www.yeastgenome.org/locus/S000000375/overview)* and *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* did not have additive effects on the growth of *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* is most consistent with the idea that [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) and [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) are in the same pathway, although we cannot completely rule out the idea of a threshold effect because *[mps2](http://www.yeastgenome.org/locus/S000003043/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆ [pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* cells grew better than *[mps2](http://www.yeastgenome.org/locus/S000003043/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells ([Figure 3, B and C](#fig3){ref-type="fig"}). Elimination of other nonessential components of the [Sec61](http://www.yeastgenome.org/locus/S000004370/overview) (*[SBH1](http://www.yeastgenome.org/locus/S000002128/overview)*) or [Sec63](http://www.yeastgenome.org/locus/S000005780/overview) (*[SEC72](http://www.yeastgenome.org/locus/S000004283/overview)*) complex did not suppress *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆*, nor did deletion of the [Sec61](http://www.yeastgenome.org/locus/S000004370/overview) homolog *[SSH1](http://www.yeastgenome.org/locus/S000000487/overview)* ([Figure 3D](#fig3){ref-type="fig"}). Conditional mutants in *[SEC61](http://www.yeastgenome.org/locus/S000004370/overview)* and *[SEC63](http://www.yeastgenome.org/locus/S000005780/overview)* also did not bypass *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* (data not shown), lending evidence to the idea that [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) is specifically involved in the control of SPB duplication via a pathway related to [Mps3](http://www.yeastgenome.org/locus/S000003556/overview).

![Deletion of *SEC66* bypasses the requirement for *MPS3* and *MPS2*. (A) Schematic of the heterotrimeric Sec61 complex (Sec61, Sss1, and Sbh1), which forms a channel in the ER membrane. Post-translational translocation of proteins (depicted in gray) also requires Sec62, the Sec63 complex (Sec63, Sec66, and Sec72), and Kar2. Yeast has a second Sec61-like complex composed of Ssh1, Sss1, and Sbh2, which is not shown. (B and C) W303-derived cells containing either a *pURA3-MPS3* (B) or a *pURA3-MPS2* (C) plasmid and the deletions shown were grown in YPD, serially diluted 10-fold, and spotted onto SC-Ura or 5-FOA. Plates were incubated at 23° for 3 days or 37° for 2 days. (D) The nonessential subunits of the Sec61 (*sbh1∆*) and Sec63 (*sec72∆*) complexes as well as Ssh1 (*ssh1∆*; *sbh2∆* was not tested) were combined with *mps3∆* and tested for their ability to rescue growth in a dilution assay. Plates grown at 23° are shown, but no suppression was observed at any temperature. (E) Localization of Sec66-GFP in SLJ10508, a strain containing the SPB marker Spc42-mCherry. Bar, 2 µm.](1479fig3){#fig3}

Characterization of *SEC66* {#s15}
---------------------------

Previous work showed that cells lacking *[SEC66](http://www.yeastgenome.org/locus/S000000375/overview)* have defects in translocation/insertion of a subset of proteins at the ER membrane, including the ER resident protein [Kar2](http://www.yeastgenome.org/locus/S000003571/overview)/BiP and the secreted proteins invertase/[Suc2](http://www.yeastgenome.org/locus/S000001424/overview), α-factor, and vacuolar carboxy peptidase Y ([@bib28]). A recent study using ribosome profiling implicated [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) in processing and ER docking of proteins with a looped signal sequence ([@bib36]). Although nucleoporins and SPB components were not among the list of genes controlled by [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) and lack these sequence motifs, one could envision that loss of [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) function partially blocks ER import or folding of proteins needed directly or indirectly for SPB or NPC function, perhaps fully or partially mimicking *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* and/or *[pom34](http://www.yeastgenome.org/locus/S000004008/overview)∆*. Therefore, we examined NPC distribution, nucleocytoplamic transport, SPB duplication, and spindle assembly in wild-type and *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells.

Fusions between GFP and the nucleoporins [Nic96](http://www.yeastgenome.org/locus/S000001898/overview), [Nup192](http://www.yeastgenome.org/locus/S000003576/overview), [Nup188](http://www.yeastgenome.org/locus/S000004571/overview), and [Nup49](http://www.yeastgenome.org/locus/S000003140/overview) were created by PCR at endogenous loci in a strain containing the ER reporter HDEL-dsRed (a [Kar2](http://www.yeastgenome.org/locus/S000003571/overview) signal sequence followed by dsRed and the yeast ER retrieval sequence HDEL) ([@bib65]). The cytoplasmic signal of HDEL-dsRed was slightly increased in *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* mutants compared to wild-type cells, which could be due to partial defects in its ER translocation because previous studies showed impaired import of full-length [Kar2](http://www.yeastgenome.org/locus/S000003571/overview) in cells with mutant versions of *[SEC66](http://www.yeastgenome.org/locus/S000000375/overview)* ([Figure 4A](#fig4){ref-type="fig"}) ([@bib32]; [@bib28]; [@bib48]). NPC assembly defects often manifest as foci of one or more nucleoporins in the nucleus or cytoplasm. The lack of cytoplasmic or nuclear Nic96-GFP, Nup192-GFP, Nup188-GFP, and GFP-Nup49 foci in *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* mutants suggests that removal of *[SEC66](http://www.yeastgenome.org/locus/S000000375/overview)* does not result in major defects in NPC assembly, even if cells were shifted to 37° for 4 hr ([Figure 4A](#fig4){ref-type="fig"} and [Figure S2A](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/FigureS2.pdf); data not shown). Wild-type and *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells showed similar nuclear sizes, and NPCs were evenly distributed over the surface of the NE. To confirm that NPCs were intact and functional, we analyzed nucleocytoplasmic transport with a series of reporters containing nuclear localization sequences (NLSs) and/or nuclear export sequences (NESs). Shown in [Figure 4 (B and C)](#fig4){ref-type="fig"} is the steady-state distribution of the cNLS-GFP2 and rgNLS-NES^mut^-GFP2 reporters that use the [Kap60](http://www.yeastgenome.org/locus/S000005133/overview)/[Kap95](http://www.yeastgenome.org/locus/S000004339/overview) and [Kap104](http://www.yeastgenome.org/locus/S000000221/overview) pathways, respectively ([@bib75]; [@bib51]; [@bib19]). A minor transport defect for cNLS-GFP2, but not rgNLS-GFP2, was observed in *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells, but in cells lacking *[SEC66](http://www.yeastgenome.org/locus/S000000375/overview)* alone, the distribution of reporters was unaffected, similar to wild-type and *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆ [pom34](http://www.yeastgenome.org/locus/S000004008/overview)∆* cells ([@bib56]). These data suggest that *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* alone does not result in major defects in NPC structure and transport.

![Characterization of NPCs and SPBs in cells lacking *SEC66*. (A) Wild-type and *sec66∆* cells containing the ER marker HDEL-dsRed (red) and the NPC subunits Nic96-GFP (green, top panels) or Nup192-GFP (green, bottom panels) were grown at 30° and imaged. Bar, 2 µm. (B and C) Wild-type, *sec66∆*, and *mps3∆ sec66∆* cells containing Ndc1-mCherry (red) and the nuclear transport reporters cNLS-GFP (green) or rgNLS-GFP (not shown) were imaged, and the intensity of the reporter in the nucleus and cytoplasm was quantitated in each cell (*n* \> 100). The long bar shows the average ratio of nuclear to cytoplasmic signal, and the shorter bars show SEM. *P*-values were calculated using the Student's *t*-test; only localization of cNLS-GFP in *mps3∆ sec66∆* cells was statistically different from that of wild-type cells, as indicated. Bar, 2 µm. (D) Differentially expressed genes in wild-type (SLJ173) *vs.* *sec66∆* (SLJ5281) cells are shown in red in the plot, with average counts on the *x*-axis and the change in expression on the *y*-axis. Dashed lines at −1 and 1 indicate a twofold change in expression. The position of membrane and NPC- and SPB-encoding genes within the expression data are also shown. (E and F) Wild-type (SLJ6834), *sec66∆* (SLJ10759), *sec72∆* (SLJ10775), *sec63--101* (SLJ10773), *sec63--104* (SLJ10774), and *sec63--105* (SLJ10807) cells containing Spc42-mCherry (red) and GFP-Tub1 (green) to visualize the SPB and microtubules, respectively, were grown to log phase at 23° and imaged. Examples images of large budded cells are shown in E, with dashed lines drawn based on bright-field images. Bar, 2 µm. (F) Spindle morphology was analyzed in at least 100 large budded cells of each genotype. Monopolar spindles (large budded cells containing a single SPB or containing two SPBs, only one of which nucleates nuclear microtubules) and broken spindles (large budded cells with two separated SPBs that contain nonoverlapping arrays of nuclear microtubules) were observed. The percentage of metaphase and anaphase spindles was determined using the natural gap in spindle length that occurred at 2 µm in all strains. Average length is shown by the long bar, and the shorter bars show SEM. *P*-values calculated using the Student's *t*-test are listed. While none are statistically different from wild-type cells, the fraction of anaphase cells with intact spindles decreased particularly in *sec63--104* and *sec63--105* cells.](1479fig4){#fig4}

Comparison of the transcriptome of wild-type and *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells grown at 23° showed no difference in the expression levels of SPB or NPC genes, and machinery involved in protein folding or quality control was not induced, including components of the unfolded protein and stress-response pathways ([Figure 4D](#fig4){ref-type="fig"} and [Table S3](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/TableS3.pdf)). Among the transcripts downregulated in *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* compared to wild-type cells were a number of dubious ORFs (26 of 91), many of which appear to overlap with genes encoding ribosome subunits (11 of 26, 34.6% compared to a genome frequency of 5.5%). Most, but not all, of the dubious ORF transcripts are located on the noncoding strand and may represent antisense transcripts. However, decreased levels of the overlapping protein-coding gene were not observed, so the biological function and origin of the dubious ORF RNA were not investigated further ([Figure S2B](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/FigureS2.pdf)).

Examination of SPBs and microtubules using [Spc42](http://www.yeastgenome.org/locus/S000001525/overview)-mCherry and GFP-[Tub1](http://www.yeastgenome.org/locus/S000004550/overview) in asynchronously grown cells revealed that a significant fraction of *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* mutants assembled bipolar metaphase and anaphase spindles that were indistinguishable from wild-type spindles ([Figure 4, E and F](#fig4){ref-type="fig"}). However, broken spindles with microtubules from each SPB that do not overlap were observed in 12% (*n* = 102) of *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* mutants *vs.* 4% (*n* = 105) of wild-type cells. Monopolar spindles in which a single SPB nucleates nuclear microtubules also were seen in 7% (*n* = 102) of *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells compared to \<1% (*n* = 105) of wild-type cells. The same or more severe spindle defects were observed in cells lacking *[SEC72](http://www.yeastgenome.org/locus/S000004283/overview)* and in temperature-sensitive mutants of *[SEC63](http://www.yeastgenome.org/locus/S000005780/overview)*, an essential subunit of the [Sec63](http://www.yeastgenome.org/locus/S000005780/overview) complex ([Figure 4, E and F](#fig4){ref-type="fig"}, and [Figure S3](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/FigureS3.pdf)). Spindles within the bud and multipolar spindles were seen, particularly in *[sec63](http://www.yeastgenome.org/locus/S000005780/overview)--104* at both 23 and 37°, but no accumulation of cells in mitosis was detected either by flow cytometric analysis of DNA content or by budding index ([Figure S3](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.178012/-/DC1/FigureS3.pdf)). Thus, perturbation of [Sec63](http://www.yeastgenome.org/locus/S000005780/overview) complex function leads to spindle defects similar to other components of the secretory pathway ([@bib87]; [@bib26]; [@bib92]). However, given that suppression is specific to *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* ([Figure 3D](#fig3){ref-type="fig"}; data not shown), it is unlikely that the role of the [Sec63](http://www.yeastgenome.org/locus/S000005780/overview) complex in spindle assembly or maintenance is related to the bypass pathway of *[MPS2](http://www.yeastgenome.org/locus/S000003043/overview)* and *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)*.

Elimination of *SEC66* decreases Pom152 levels {#s16}
----------------------------------------------

[Pom34](http://www.yeastgenome.org/locus/S000004008/overview) and [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) are integral membrane proteins that are presumably inserted into the ER via the [Sec61](http://www.yeastgenome.org/locus/S000004370/overview) translocon together with the [Sec63](http://www.yeastgenome.org/locus/S000005780/overview) complex ([@bib91]; [@bib78]; [@bib66]; [@bib56]). Therefore, [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) may inhibit SPB duplication by altering the levels of [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) or [Pom34](http://www.yeastgenome.org/locus/S000004008/overview), which would partially or completely mimic *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* or *[pom34](http://www.yeastgenome.org/locus/S000004008/overview)∆*. To test this idea, we fused the endogenous copy of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* or *[POM34](http://www.yeastgenome.org/locus/S000004008/overview)* to YFP in wild-type, *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆*, and *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells. Western blotting showed an increase in levels of Pom34-YFP in both *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* and *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells compared to wild-type cells, but analysis of its localization showed little change in the amount of Pom34-YFP at the NE ([Figure 5, A--C](#fig5){ref-type="fig"}). In contrast, [Pom1](http://www.yeastgenome.org/locus/S000004008/overview)52-YFP levels decreased by over 50% in both assays in *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* and *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells compared to wild-type cells ([Figure 5, A--C](#fig5){ref-type="fig"}).

![Pom152 protein levels are reduced in cells lacking *SEC66*. Mid-log phase cultures of wild-type (SLJ8167, SLJ7824), *sec66∆* (SLJ8168, SLJ7854), and *mps3∆ sec66∆* (SLJ8339, SLJ7895) cells containing Pom152-YFP or Pom34-YFP grown in SC-complete medium at 30° were examined. (A) Projection images of three Z-slices in the center of the nucleus showing NE localization. Bar, 2 µm. (B) Levels of Pom152-YFP or Pom34-YFP were quantitated as described in *Materials and Methods*. For the 60 cells examined, the total fluorescence intensity is shown in arbitrary fluorescence units. The average fluorescence intensity is indicated by the long bar, and the shorter bars show SEM. *P*-values calculated by Student's *t*-test are listed. (C) Extracts were prepared from the previous strains, Ndc1-GFP (SLJ7936, SLJ7937, and SLJ7938) and wild type (SLJ1070). Western blotting using anti-GFP antibodies was used to determine the total level of Pom152-YFP, Pom34-YFP, or Ndc1-GFP in the cell. Pgk1 is a loading control. Samples were normalized so that wild type cells had a value of 1. Molecular weight markers are shown on the left. (D) Wild-type (SLJ8666) and *mps3∆ sec66∆* (SLJ8669) cells containing *pURA3-MPS3* were transformed with an empty *LEU2*-marked 2µ plasmid (vector) or version containing the indicated gene. Tenfold serial dilutions were spotted onto SC-Ura-Leu or SC-Leu containing 5-FOA, and plates were incubated for 2 days at 37° or 3 days at 23°. (E) Wild-type (SLJ9253), *sec66∆* (SLJ9259), and *mps3∆ sec66∆* (SLJ9262) cells containing *GAL-POM152* were serially diluted 10-fold, spotted onto plates containing 2% raffinose and 0.5% galactose, and incubated for 2 days at 37° or 3 days at 23°.](1479fig5){#fig5}

To test whether *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* suppresses the growth of *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* mutants via downregulation of [Pom152](http://www.yeastgenome.org/locus/S000004736/overview), we added extra *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* to cells using a 2-μm plasmid. Overexpression of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)*, but not *[POM34](http://www.yeastgenome.org/locus/S000004008/overview)*, exacerbated growth of *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* mutants, particularly at 37°, but did not affect the growth of wild-type cells ([Figure 5D](#fig5){ref-type="fig"}). A similar phenotype was observed if *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* was overproduced using the strong constitutive *[GAL1](http://www.yeastgenome.org/locus/S000000224/overview)/10* promoter ([Figure 5E](#fig5){ref-type="fig"}). Taken together, these observations suggest that [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) is required to maintain wild-type levels of [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) in the cell and that a decrease in [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) levels is at least partially responsible for the ability of *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* to bypass the requirement for [Mps3](http://www.yeastgenome.org/locus/S000003556/overview).

Sec66 effects at the SPB are independent of Ndc1 {#s17}
------------------------------------------------

Previously, we proposed that a shift in [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) binding from the NPC to the SPB underlay the ability of *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* to bypass the requirement for [Mps3](http://www.yeastgenome.org/locus/S000003556/overview). This conclusion was based in part on our finding that deletion of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* resulted in decreased amounts of NPC-associated [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) and increased [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) levels at the SPB ([@bib17]). Thus, we anticipated finding more [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) at the SPB in *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* mutants as a result of decreased [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) levels ([Figure 5, A--C](#fig5){ref-type="fig"}).

Quantitative Western blotting of [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview)-GFP in wild-type and *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells showed little change in total intracellular levels of [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) ([Figure 5C](#fig5){ref-type="fig"}), and imaging showed that the distribution of protein on the NE and SPB also was similar ([Figure 6, A--C](#fig6){ref-type="fig"}). To study the spatial relationship between [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) and [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview) at the SPB, we used acceptor-photobleaching FRET. In this method of FRET, the fluorescence intensity of the FRET donor is measured before and after bleaching the FRET acceptor. If energy transfer occurs between the FRET pairs, fluorescence of the FRET donor should increase after bleaching of the acceptor, which is expressed in a FRET efficiency score (see *Materials and Methods*). Because molecules must be in close proximity for the energy transfer to occur, FRET efficiency is related to the distance between donor and acceptor. Two SPB components ([Spc42](http://www.yeastgenome.org/locus/S000001525/overview)-mTurquoise2 and [Cnm67](http://www.yeastgenome.org/locus/S000005169/overview)-YFP) previously shown to exhibit high FRET gave 11.0 ± 1.0% (*n* = 159) FRET efficiency in our system ([@bib58]). In contrast, if molecules are unable to transfer energy, no change in fluorescence of the FRET donor should be observed after bleaching. YFP-[Spc110](http://www.yeastgenome.org/locus/S000002764/overview)-mTurquoise2 exhibits 0.4 ± 1.1% (*n* = 79) FRET owing to the fact that the N- and C-termini of [Spc110](http://www.yeastgenome.org/locus/S000002764/overview) are separated by 600--800 Å ([@bib58]). Using [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview)-mTurquoise2 as the donor and [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview)-YFP as the acceptor, we observed 4.8 ± 1.1% (*n* = 113) FRET at the SPB in wild-type cells and 6.5 ± 1.8% (*n* = 79) FRET in *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells, a change that was not statistically significant. This result suggests that [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) and [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview) are in close proximity at the SPB and that their location is unchanged on loss of [Sec66](http://www.yeastgenome.org/locus/S000000375/overview).

![Ndc1 distribution is Sec66 independent. Wild-type (SLJ9356), *sec66∆* (SLJ9357), and *mps3∆ sec66∆* (SLJ10808) strains expressing *NDC1-YFP* and *NBP1-mTurquoise2* from their endogenous loci were grown to mid-log phase in SC Complete medium at 30° and examined. (A) Sum projection images of five Z-slices in the center of the nucleus showing Ndc1-YFP (green) at the NE and the SPB and Nbp1-mTurquoise2 (red) at the SPB. Bar, 2 µm. (B and C) Levels (in arbitrary fluorescence units) of Ndc1-YFP at the SPB and NE and Nbp1-mTurquoise2 levels at the SPB were quantitated as described in *Materials and Methods*. The ratio of Ndc1-YFP at the SPB/NE also was calculated for each cell, along with the nuclear area, using Ndc1-YFP at the NE. Long bars depict average values, while shorter bars show SEM. *P*-values compared with wild type were calculated using Student's *t*-test and are listed. (D) Binding between Ndc1-YFP and Nbp1-mTurquoise2 was analyzed at the SPB using acceptor photobleaching FRET in wild-type (SLJ9356), *sec66∆* (SLJ9357), or *mps3∆ sec66∆* (SLJ10808) cells. As a positive control, FRET was measured in a strain containing Spc42-mTurquoise2 and Cnm67-YFP (SLJ8173); as a negative control, FRET was assayed in a strain in which *SPC110* was tagged at its N-terminus with YFP and its C-terminus with mTurquoise2 (SLJ9012). Average FRET efficiency is plotted; error bars are SEM from at least 35 cells. *P*-values were calculated using the Student's *t*-test and are shown. (E) In acceptor-photobleaching FRET, a reduction in donor levels (Nbp1-mTurquoise2) does not affect the FRET efficiency if the donor (Nbp1) is limiting. However, reduced levels of the donor (Nbp1-mTurquoise2) should result in increased FRET efficiency if the acceptor (Ndc1-YFP) is limiting. Note that this simplified model assumes that all molecules are capable of FRET, and it does not account for conformational changes that also may affect FRET efficiency.](1479fig6){#fig6}

In *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* mutants, several notable differences between wild-type and *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells were observed. First, although all strains were haploid at the beginning of our experiment, the heterogeneity in nuclear ([Figure 6, A and B](#fig6){ref-type="fig"}) and cell size (not shown) in *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* suggested that at least some fraction of cells diploidized during the course of our experiment. Because SPB and nuclear size scale with ploidy ([@bib14]; [@bib11]; [@bib42]), levels of [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview)-YFP at both the SPB and NE were higher in a fraction of the double-mutant cells compared to wild-type and *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells ([Figure 6, A and B](#fig6){ref-type="fig"}). However, the ratio of [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview)-YFP at the SPB and NE, using values derived from each cell, showed that the distribution of [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) is largely unaffected ([Figure 6B](#fig6){ref-type="fig"}). Second, levels of [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview)-mTurquoise2 at the SPB were reduced in *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells compared to wild-type or *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells ([Figure 6, A and C](#fig6){ref-type="fig"}). Despite this reduction, FRET between [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview)-YFP and Nbp1-mTurquoise2 in *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells (6.5 ± 2.2%, *n* = 114) is virtually indistinguishable from that in *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells and is not statistically different from wild-type cells. The fact that FRET does not decrease despite a reduction in levels of the [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview) donor in *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells suggests that [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview) is the limiting factor at the SPB ([Figure 6E](#fig6){ref-type="fig"}), although it is formally possible that conformational differences between [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview)-YFP and Nbp1-mTurquoise2, rather than changes in the number of bound molecules, account for FRET observed. Third, the observation that [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview)-YFP/[Ndc1](http://www.yeastgenome.org/locus/S000004493/overview)-GFP levels at the SPB are not decreased in *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells suggests that [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) binds to additional SPB components besides [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview). While [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) may act by lowering [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) levels, the decreased dosage of [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) does not alter [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) distribution and thus does not phenocopy *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* ([@bib17]). This suggests that the mechanism of suppression in *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells is [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) independent and that [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) may affect the SPB in more than one way.

Reduction of Pom152 is able to bypass Mps3 function {#s18}
---------------------------------------------------

To test the idea that [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) dosage is important for SPB duplication, we compared the effects of removing one or both copies of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* in diploid cells lacking *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)*. At 23 or 30°, elimination of one copy of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)*, which decreases the dosage of the gene by 50%, is able to suppress the growth arrest of *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆*/*[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* cells ([Figure 7A](#fig7){ref-type="fig"}). The effect is weaker at 37° in both hetero- and homozyogous *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* cells, but the dosage seems to be [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) specific. Elimination of one copy of *[POM34](http://www.yeastgenome.org/locus/S000004008/overview)* produced an identical phenotype as deletion of both copies---suppression of growth at 30° but not at 23 or 37°. Deletion of one copy of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* is unable to suppress the haploinsufficiency of *[ndc1](http://www.yeastgenome.org/locus/S000004493/overview)-L562S* ([Figure 7B](#fig7){ref-type="fig"}), a mutant allele of *[NDC1](http://www.yeastgenome.org/locus/S000004493/overview)* that displays Pom152-dependent binding to [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) ([@bib17]). These findings are consistent with the idea that [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) levels play a key role in the control of SPB duplication independent of [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview).

![Pom152 dosage-dependent suppression of SPB mutants. (A) The ability of a hetero- or homozygous deletion of *POM152* or *POM34* was tested for its ability to rescue the growth defect of diploid strains lacking *MPS3* by plating 10-fold serial dilutions of cells on SC-Ura (which selects for the *pURA3-MPS3* plasmid) or 5-FOA (which selects for loss of the plasmid). Growth at 23° (4 days), 30° (4 days), or 37° (3 days) is compared to a wild-type diploid. (B) Similarly, the growth of diploid cells containing the indicated combinations of *NDC1* and *POM152* alleles was compared.](1479fig7){#fig7}

Discussion {#s19}
==========

Because the SPB is the sole site of microtubule nucleation in budding yeast, virtually all components of the SPB are essential for viability. Therefore, it is somewhat surprising that bypass suppressors of SPB deletion mutants were recovered. Although previous work revealed genetic connections between the NPC and the SPB ([@bib18]; [@bib69]; [@bib33]; [@bib89]; [@bib29]; [@bib16]; [@bib17]), our work is the first to show that [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) plays a role in SPB duplication. Based on the fact that deletion of *[SEC66](http://www.yeastgenome.org/locus/S000000375/overview)* bypasses the requirement for *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* and, to a lesser extent, *[MPS2](http://www.yeastgenome.org/locus/S000003043/overview)*, it seems that in wild-type cells, [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) functions to inhibit SPB duplication.

Our observation that deletion of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* and *[SEC66](http://www.yeastgenome.org/locus/S000000375/overview)* did not have additive effects on growth of *[mps2](http://www.yeastgenome.org/locus/S000003043/overview)∆* or *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* cells suggests that [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) is likely acting in the same pathway as [Pom152](http://www.yeastgenome.org/locus/S000004736/overview). However, unlike cells lacking *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* ([@bib17]), the distribution of [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) between the NPC and the SPB was largely unaffected. Perhaps this is because *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* mutants have some [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) protein (∼50% reduction from wild-type cells compared with 100% in *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* cells based on gene dosage). The fact that [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) distribution is unchanged and that overproduction of [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) alone is detrimental to *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* mutants under conditions where it does not affect the growth of wild-type or *[sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells leads us to hypothesize that [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) has a direct role in blocking SPB duplication and that simply lowering levels is adequate to overcome the requirement for certain SPB components. This mechanism of suppression is not as efficient as *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆*, which not only removes [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) from the cell but also causes a redistribution of [Ndc1](http://www.yeastgenome.org/locus/S000004493/overview) ([@bib17]). Unlike *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* cells that are stable haploids with no obvious SPB abnormalities ([@bib90]), *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* cells exhibit a partial increase in ploidy, and *[mps2](http://www.yeastgenome.org/locus/S000003043/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* mutants spontaneously diploidize, which is commonly observed in cells with SPB duplication defects.

Multiple models have been proposed to explain the genetic relationship between NPCs and the SPB, including the idea that NPC components such as [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) may directly inhibit SPB duplication. [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) has been recovered in purified SPB preparations, and NPCs are often observed by EM in the vicinity of the duplicating SPB ([@bib85]; [@bib1]). The model of Pom152-dependent inhibition predicts that more [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview) should localize to the SPB in *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆ [sec66](http://www.yeastgenome.org/locus/S000000375/overview)∆* mutants than in wild-type cells owing to reduced levels of [Pom152](http://www.yeastgenome.org/locus/S000004736/overview). However, reduced levels of [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview) may have been observed because [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) is required to stabilize [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview) at the SPB. [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) and [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview) copurify, and overexpression of *[NBP1](http://www.yeastgenome.org/locus/S000004449/overview)* is able to restore growth to certain *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* mutants ([@bib40]; [@bib47]). It is unknown whether the stability of [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview) is controlled or whether [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) and [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview) form a SPB-associated complex. Reduced levels of [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) also may result in decreased transport of [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview) into the nucleus or affect NE lipids ([@bib29]; [@bib47]; [@bib37]). Future studies will be required to elucidate the bypass mechanism, but our FRET, together with recent super-resolution imaging data ([@bib13]), lends evidence to the idea that [Nbp1](http://www.yeastgenome.org/locus/S000004449/overview) is a key SPB insertion factor.

[Sec66](http://www.yeastgenome.org/locus/S000000375/overview) is a nonessential subunit of the budding yeast [Sec63](http://www.yeastgenome.org/locus/S000005780/overview) complex, which is involved in targeting and translocation of a subset of proteins into the ER ([@bib28]; [@bib48]; [@bib10]). [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) might be involved in the membrane insertion of [Pom152](http://www.yeastgenome.org/locus/S000004736/overview), but it is unclear why other components of the [Sec63](http://www.yeastgenome.org/locus/S000005780/overview) complex, including temperature-sensitive *[sec63](http://www.yeastgenome.org/locus/S000005780/overview)* alleles and *[sec72](http://www.yeastgenome.org/locus/S000004283/overview)∆*, do not share the same ability to rescue *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* or *[mps2](http://www.yeastgenome.org/locus/S000003043/overview)∆*. We favor the idea that [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) plays a specialized role in the control of SPB duplication via [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) that may be independent of its role as a component of the [Sec63](http://www.yeastgenome.org/locus/S000005780/overview) complex. This might explain why *[SEC66](http://www.yeastgenome.org/locus/S000000375/overview)* is present only in lower eukaryotes that typically undergo a closed mitosis in which the SPB must assemble into the NE. [Sec66](http://www.yeastgenome.org/locus/S000000375/overview) together with [Pom152](http://www.yeastgenome.org/locus/S000004736/overview) may control events needed for SPB insertion into the membrane. This function would be similar, but not identical, to post-translational assembly of integral membrane proteins at the ER ([@bib70]) and suggests that the primary role of [Mps2](http://www.yeastgenome.org/locus/S000003043/overview) and [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) during SPB duplication is to facilitate membrane insertion of the newly duplicated pole.

While it is not surprising that bypass suppressors of *[MPS3](http://www.yeastgenome.org/locus/S000003556/overview)* such as *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆* do not rescue the function of [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) in telomere tethering or sister-chromatid cohesion, it is unclear why deletion of *[POM152](http://www.yeastgenome.org/locus/S000004736/overview)* is unable to rescue *[mps3](http://www.yeastgenome.org/locus/S000003556/overview)∆* during meiosis because the SPB is key to the formation of the meiosis I and II spindles ([@bib57]). Therefore, it seems likely that [Mps3](http://www.yeastgenome.org/locus/S000003556/overview) has an essential meiotic function not suppressed by *[pom152](http://www.yeastgenome.org/locus/S000004736/overview)∆*, such as its role in meiotic chromosome movement or linking SPBs prior to meiosis I ([@bib20], [@bib21]; [@bib46]; [@bib50]; [@bib52]).
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